ABSTRACT: Utilization of O 2 as an abundant and environmentally benign oxidant is of great interest in the design of bioinspired synthetic catalytic oxidation systems. Metalloenzymes activate O 2 by employing earth-abundant metals and exhibit diverse reactivities in oxidation reactions, including epoxidation of olefins, functionalization of alkane C−H bonds, arene hydroxylation, and syn-dihydroxylation of arenes. Metal−oxo species are proposed as reactive intermediates in these reactions. A number of biomimetic metal− oxo complexes have been synthesized in recent years by activating O 2 or using artificial oxidants at iron and manganese centers supported on heme or nonheme-type ligand environments. Detailed reactivity studies together with spectroscopy and theory have helped us understand how the reactivities of these metal−oxygen intermediates are controlled by the electronic and steric properties of the metal centers. These studies have provided important insights into biological reactions, which have contributed to the design of biologically inspired oxidation catalysts containing earth-abundant metals like iron and manganese. In this Outlook article, we survey a few examples of these advances with particular emphasis in each case on the interplay of catalyst design and our understanding of metalloenzyme structure and function.
INTRODUCTION
Dioxygen (O 2 ) is kinetically quite stable toward reaction at room temperature because of its triplet ground state, which makes its two-electron reaction with closed shell reaction partners like typical organic compounds spin-forbidden. 1−4 The single electron reduction of triplet oxygen ( 3 O 2 ) to the superoxide anion is also unfavorable by 7.8 kcal mol −1 . 5 Nevertheless, the overall four-electron reductive activation of O 2 is thermodynamically favorable with a redox potential of 0.815 V vs NHE in water at pH 7 and 25°C. 5 Nature is able to harness the strong oxidizing capability of O 2 by overcoming the spin state barrier by activating 3 O 2 at transition metal ions, which also possess open-shell spin ground states. 6, 7 These metal ions help to initiate the one-electron reduction of O 2 by metal coordination and also act as multielectron reductants to access thermodynamically more favorable two-electron or even four-electron reduction pathways. 8−11 First-row transition metal ions, such as Fe and Cu, are often employed by metalloenzymes for the reductive activation of O 2 to carry out a variety of important biological processes. [1] [2] [3] 6, 7 The ability of iron to access multiple redox states, as well as its bioavailability, makes it one of the most common transition metals used for biological O 2 -activation. 1−3,12−14 Further, there are a number of open-shell spin states available in the different common oxidation states of iron, with high-spin Fe(II) being the most relevant with regard to the binding and activation of O 2 . The heme-containing peroxidases, oxygenases, and catalases comprise mononuclear iron protoporphyrin IX active sites coordinated to either a cysteine, tyrosine, or histidine residue, respectively ( Figure 1A ; Heme). 15 In nonheme iron enzymes, in contrast, a common structural motif utilized for dioxygen activation is the facial orientation of iron with two histidine ligands and one carboxylate ligand, namely, a 2-His/ 1-Asp (or 1-Glu) ligand environment ( Figure 1A ; Nonheme, Rieske Dioxygenase). 16−19 A 3-His ligand coordination environment has also been observed in a few cases, such as in a number of sulfur-activating nonheme iron dioxygenases ( Figure 1A ; nonheme, CDO). 16−19 Very often enzymatic activation of dioxygen occurs in the Fe(II) state, leading to a variety of two-electron oxidation processes; a cosubstrate then provides the remaining two electrons necessary for the fourelectron reduction of dioxygen ( Figure 1B) . 16−19 In many cases, 2-oxoacids or tetrahydrobiopterin are used as cosubstrates that deliver two electrons simultaneously to the active site to form peroxoiron(II) and oxoiron(IV) species in the proposed reaction mechanism ( Figure 1B ; Oxoiron generation). 16−19 Enzymes, such as cytochromes P450 (P450) or Rieske dioxygenases, in contrast, employ NADH as the electron donor to form hydroperoxoiron(III) and formally oxoiron(V) species; all the redox equivalents of the formal oxoiron(V) species are stored either at the metal center as an (OH)Fe V O intermediate in Rieske dioxygenase or delocalized over the ligand as an oxoiron(IV) porphyrin π-cation radical ion (compound I (Cpd-I) intermediate) in P450. 13,16−19 A second subset of nonheme iron enzymes also initiates four-electron oxidation of substrates by a single equivalent of dioxygen in the absence of any reducing cosubstrates ( Figure 1B ; isopenicillin-N synthase (IPNS)). 20 This alternative mechanism for iron-mediated dioxygen reduction and C−H activation necessitates an superoxoiron-(III) intermediate to initiate catalysis, which may involve a subsequent oxoiron intermediate in the second oxidation step. 18 Synthetic biomimetic model complexes have the potential to aid in the understanding of these biological processes. A number of iron model complexes binding oxygen atom(s) have been isolated in recent years; 1,13,18,21−33 detailed reactivity studies together with spectroscopy and theory have helped us understand how the electronic and geometric properties of the iron centers modulate their reactivity. These studies have provided important insights into biological pathways, which The ability of iron to access multiple redox states, as well as its bioavailability, makes it one of the most common transition metals used for biological O 2 -activation.
have led to a new understanding of the fundamental reaction steps and reactive intermediates relevant to metalloenzymes that incorporate inexpensive and readily available transition metal centers in their active sites, as well as to practical applications. This has eventually contributed to the recent advances in the design of biologically inspired oxidation catalysts containing earth-abundant metals such as iron and manganese. 34−36 In this Outlook article, we survey examples of these advances providing particular emphasis in each case on the interplay of catalyst design and our understanding of metalloenzyme structure and function.
HEME SYSTEMS
Biological Intermediates. Cpd-I is the main intermediate responsible for the diverse oxidative reactivities of most heme enzymes. 1,6,7,13,15,37−40 Efforts were mainly dedicated toward the characterization of the Cpd-I intermediate of P450, which proved to be very challenging because of its highly reactive nature. The Cpd-I of other heme-containing enzymes such as horseradish peroxidase (HRP), catalase, and chloroperoxidase (CPO) are much more stable and have been well characterized and unambiguously assigned as an oxoiron(IV) porphyrin π-cation radical species; 15,41−43 however, they did not show any reactivity toward unactivated hydrocarbons. The lack of direct spectroscopic and kinetic characterization of P450 Cpd-I led to the proposition of oxoiron(V) and hydroperoxoiron(III) species as alternative oxidants in P450 mediated oxidation reactions. 44−46 Recently, Green and co-workers were eventually successful in stabilizing the Cpd-I of CYP119 by using rapid freeze-quench techniques and established its catalytic competence by demonstrating its ability to oxidize unactivated hydrocarbons with an apparent second-order rate constant of
. 39 A large KIE of 12.5 was determined for the hydrogen-atom transfer (HAT) reaction, whose magnitude supports a mechanism in which Cpd-I abstracts a hydrogen atom from substrates, forming hydroxoiron(IV) (e.g., compound-II (Cpd-II)) that rapidly combines with a substrate radical to yield a hydroxylated product; this is called the oxygen-rebound mechanism proposed by Groves and coworkers. 13,47−49 Furthermore, the electronic structure of the CYP119 Cpd-I intermediate was confirmed to be an oxoiron(IV) porphyrin π-cation radical based on the nearzero isomer-shift in the Mossbauer spectrum, the doublet electronic ground state in the electron paramagnetic resonance spectrum, and the weekend and blue-shifted Soret band in the UV−vis, as well as a long-wavelength absorbance in the visible near 700 nm. 39 Groves and co-workers recently stabilized a second Cpd-I intermediate for the extracellular heme-thiolate aromatic peroxygenase (APO), which like CYP119 Cpd-I also showed a high reactivity for the C−H bond hydroxylation up to 100 kcal mol . 50 The high reactivity of the Cpd-Is of the CYP119 and APO enzymes has been attributed to their highly basic Cpd-IIs as evident from the experimentally determined large pK a 's of 12.0 and 10.0, respectively. 51, 52 Notably, a more basic ferryl in Cpd-II translates into a stronger Fe IV O−H bond according to the Bordwell's equation, 51−53 thus increasing the driving force for HAT from the substrate. Accordingly, Green and co-workers proposed that the role of the cysteine thiolate in P450 catalysis is to make P450 Cpd-II more basic than a typical metal-oxo species by pushing electron density onto the ferryl oxygen. (TMP = meso-tetramesitylporphinato dianion) with metachloroperbenzoic acid in a dichloromethane-methanol mixture at −78°C. 29 The electronic structure was best described in terms of an overall quartet (S t = 3/2) ground state, arising from a ferromagnetic coupling of the S = 1 iron(IV) center with a porphyrin π-cation radical (S = 1/2). This is in contrast to the S t = 1/2 ground state determined for the P450 Cpd-I intermediate, 39 where an antiferromagnetic interaction between the iron(IV) and the porphyrin π-cation radical center was predominant. Successful generation of a number of oxoiron(IV) porphyrin π-radicals bearing electron-rich and -deficient porphyrins has been achieved subsequently. 54−58 Interestingly, a ground S t = 3/2 state has been determined for all these intermediates; however, the extent of the ferromagnetic interaction between the iron(IV) and porphyrin π-cation radical center is strongly dependent on the meso and pyrole-β positions of the porphyrin ligand. 13 These experimental findings suggest a facile interconversion between the doublet and the quartet spin states of Cpd-I.
The availability of different spin states in the oxoiron(IV) porphyrin π-cation radical cores may lead to spin crossover along the reaction coordinate from reactants to products during Cpd-I mediated oxidation reactions. This concept was first proposed by Shaik, Schroder, and Schwarz in the C−H hydroxylation by Cpd-I and termed "two-state reactivity (TSR)" or "multistate reactivity (MSR)". 59−61 For example, density functional theory (DFT) analysis of methane hydroxylation by an oxoiron(IV) porphyrin π-cation radical intermediate investigated the possibility of the involvement of both the S = 3/2 and S = 1/2 states in the HAT and oxygenrebound steps ( Figure 3A) . While both the high-spin (HS) and low-spin (LS) pathways showed similar energy barriers for HAT, the HS pathway exhibited a larger barrier for the rebound step. In the HS state, the unpaired electron of the radical goes into a higher energy 3d z 2 orbital of the S = 1 Fe IV − OH core of Cpd-II, whereas in the LS state the electron transfers into a lower energy singly occupied d xz (or d yz ) orbital.
The C−H bond activation mediated by oxomanganese(V) porphyrin represents another example of potential TSR in metalloporphyrin-mediated reactions ( Figure 3B ). 62 DFT calculations predicted a much higher barrier for the HAT step in the singlet state (S = 0) as compared to that in the triplet (S = 1) or quintet (S = 2) state; this is the result of the exchange enhanced reactivity at the S = 2 or S = 1 surface. Since a singlet ground state has been determined for all oxomanganese(V) porphyrins characterized to date, 63 a spin crossing to the triplet/quintet energy surface is expected during the C−H activation reaction. Consistent with these predictions, electron-withdrawing meso-substituents on the porphyrin dramatically decreased the reactivity of oxomanganese(V) porphyrins because of the stabilization of the S = 0 ground state. 64 In contrast, for oxoiron(IV) porphyrin π-cation radicals, a different reactivity trend was observed; introduction of electron-withdrawing meso-substituents was shown to increase the reduction potential of Cpd-I greatly, thereby increasing the thermodynamic driving force of HAT. 65 On the basis of these results, it was suggested that the axial ligand controls the reactivity of Cpd-I by modulating the thermodynamic stability of the iron(III) porphyrin species, but not by that of Cpd-I itself. Stronger electron-donation from the axial ligand should also increase the stability of the [(TMP)-Fe IV (OH)(X)] species formed after the HAT step; this should decelerate the rebound step, which would facilitate the escaping of substrate radicals from the radical cage. Indeed, in the case of a manganese porphyrin, recent investigation of the rebound step in the hydroxylation of deuterated ethylbenzene has displayed more stereochemical inversion at the benzylic hydroxylation site with increasing axial donation to the manganese center. 70 Biomimetic Catalysis. In 1979, Groves and co-workers reported the first oxidation system using [(TPP)Fe III (Cl)] (TPP = meso-tetraphenylporphinato dianion) as a catalyst for C−H hydroxylation and alkene epoxidation reactions. 71 Since then, a variety of modifications have been incorporated into the bioinspired porphyrin backbone, in an effort to understand the factors that control the catalytic efficiency. 54,56,57,72−74 In C−H oxidation reactions, the simplest metalloporphyrins without substituents at the meso-positions have been found to be extremely unstable against the oxidative degradation that leads to the hydroxylation at the meso-position; this eventually leads to the inefficiency of catalytic activity. 75 It has been subsequently demonstrated that introduction of phenyl or related groups at the meso-positions is a good strategy, which provides efficient catalytic oxidations by protecting these sites. Furthermore, based on the observed higher reactivity of the Cpd-I intermediates in the presence of the electron-withdrawing meso-substituents on the porphyrin, catalytic oxidation reactions were also tried in the presence of meso-phenyl substituted metalloporphyrins bearing electron-withdrawing groups, such as [(TPFPP)Fe III ] + (TPFPP = meso-tetrakis-(pentafluorophenyl)porphinato dianion) and [(TDCPP)-
58,74 Some of these second generation porphyrin catalysts involving electron-withdrawing mesosubstituents have shown high reactivities in oxidation for scalable synthetic transformations of great interest for industry and academics ( Figure 5) . 54, 56 They cover a wide variety of catalytic oxidation reactions, such as epoxidation, sulfoxidation, alcohol oxidation, arene hydroxylation, and aliphatic C−H functionalization reactions. The oxygen donors typically employed in these reactions include sodium hypochlorite, iodosylbenzene (PhIO), alkyl hydroperoxides, hydrogen peroxide, and dioxygen. Among them, dioxygen is undoubtedly the most attractive oxidant; however, additional two-electrons and two-protons are required for the reduction of the second oxygen atom of dioxygen to water in the stoichiometric monooxygenase-mediated oxygenation reactions. Accordingly, the use of additional coreductants is necessary in oxidation reactions catalyzed by metalloporphyrins and dioxygen. These coreductants can be porphyrin itself, 76 as has been demonstrated in a few metalloporphyrin-catalyzed epoxidation and C−H hydroxylation reactions, where the presence of external reductants is not a prerequisite for achieving catalysis.
The importance of a systematic mechanistic study in the design of bioinspired catalysis is well represented in the development of aliphatic C−H halogenation or aziridination reactions catalyzed by manganese porphyrin complexes ( Figure  6) . 13, 35, 70, 77, 78 Notably, all these reactions share common mechanistic features; they are all initiated by HAT via oxomanganese(V) intermediates, leading to the formation of hydroxomanganese(IV) and alkyl radicals ( Figure 6A) . 35, 77 As noted above, in the presence of strong anionic axial ligands such as F − , Cl − , and N 3 − , the oxygen-rebound can be suppressed, thus preventing the hydroxylation step. 35, 77 In the absence of an oxygen-rebound, the alkyl radical is trapped by the Mn IV −X (X = Cl − , F − , and N 3 − ) bonds, leading to the formation of C−Cl, C−F, or C−N 3 products with high stereoand regioselectivity ( Figure 6B ). The relative rates of the OHvs X-rebound is crucial for the success of the nonoxygenation reactivity; for example, changing to iron porphyrins, which are known to perform very fast OH-rebound, suppress the nonoxygenation reactivity, thereby yielding mainly hydroxylation products. O-sensitive vibration at 821 cm −1 in the resonance Raman spectrum and the presence of a short Fe−O distance of 1.62 Å in EXAFS studies. 81, 82 Related Fe IV O intermediates, 79, 83 with Mossbauer parameters comparable to TauD-J, were subsequently detected in the catalytic cycles of other α-KG-dependent enzymes (prolyl-4-hydroxylase, halogenases (cytochrome c 3 halogenases with chlorine or bromine and SyrB2 halogenase), desaturases (4′-methoxyviridicatin synthase), and epimerases (carbapenem synthase)) and pterin-dependent hydroxylases (tyrosine (TyrH) and phenylalanine (PheH) hydroxylases). For all the α-KG-dependent enzymes, large kinetic isotope effects (KIEs) of >50 were determined for the decay of the Fe IV O intermediates in the presence of deuterated substrates, which confirmed the participation of the oxoiron(IV) intermediates in HAT reactions ( Figure 1B) . 84 The HAT step is then followed by a rapid oxygen-rebound in hydroxylases, a formation of a carbon−halogen bond in halogenases (containing a halide ligand adjacent to the hydroxide on the iron center), or a second HAT step in desaturases leading to two-electron oxidation of the substrates. For the redox-neutral epimerization reaction, however, the Fe IV O intermediate is found to be responsible for the one-electron oxidation of the substrate, which is necessary to initiate the epimerization process. The spectroscopically trapped Fe IV O intermediates of the pterin-dependent hydroxylases, 85−87 such as PheH and TyrH, are responsible for introducing a hydroxyl group at a specific position on the aromatic ring of the different amino acids. An electrophilic attack of the Fe IV O intermediates to the aromatic ring is proposed, which is supported by the observation of an inverse KIE and an NIH-shift during the hydroxylation of site-specifically deuterated aromatic substrates by PheH and TrypH. 85 In addition to the aromatic hydroxylation, the pterin-dependent hydroxylases can also perform hydroxylation of aliphatic C−H bonds on non-native substrates; KIEs larger than nonclassical values have been determined in those cases again, confirming the participation of the Fe IV O intermediates in the HAT step. 88 As evident from the above discussion, nonheme Fe IV O intermediates are primarily used in biology for HAT reactions. However, other relatively less common reactions, like epoxidation and endoperoxide formations, 89, 90 are also noted for nonheme Fe IV O intermediates; thus, nonheme oxygenases, like their heme counterparts, represent another example of nature's tendency of generating similar active oxidants to perform different metabolically important transformations.
Synthetic Model Complexes. The diversified reactivity exhibited by the nonheme iron oxygenases ( Figure 1B ). The instability of the compound, however, prevented its further spectroscopic characterization. In a subsequent study, Munck, Nam, Que, and co-workers reported the first X-ray crystal structure of a mononuclear S = 1 oxoiron(IV) complex that was generated in the reaction of [(TMC)Fe II (CH 3 CN)] 2+ (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) and PhIO in CH 3 CN at −40°C. 28 Since then, a large number of nonheme oxoiron(IV) complexes supported on a wide range of tetradentate and pentadentate ligands have been synthesized. 21, [30] [31] [32] [33] 92 Unlike the enzymatic oxoiron(IV) cores with an S = 2 spin state, the majority of the synthesized Fe IV O cores possess an S = 1 ground state. Only a few biomimetic S = 2 oxoiron(IV) units are known that are all stabilized by enforcing a C3 symmetry about the iron(IV) center. 30, 32, 33 The HAT, arene hydroxylation, and OAT reactivities of the nonheme oxoiron(IV) complexes have been investigated in significant detail by both theoretical and experimental methods.
18,21,30−32,47,93−100 So far, all theoretical studies have predicted that the Fe IV O species are better oxidants on the quintet-state than on the corresponding triplet-state. 93, 96, 101, 102 Notably, the three most reactive oxoiron(IV) complexes in HAT and OAT reactions known to date either possess an S = 2 ground state (for example, in [(TQA)Fe 2+ complexes, which presumably tunnels efficiently into the low-lying S = 2 state, thereby revealing a low energy barrier for the HAT reactivity. Conversely, strong equatorial donation from the ligand will ensure stabilization of the less reactive S = 1 state; this explains the observed sluggish reactivity of the tetracarbene oxoiron(IV) complex reported by Meyer and co-workers (Figure 2 ; Nonheme).
106−108 The higher reactivity of the S = 2 oxoiron(IV) core can also be extended to include arene hydroxylation reactions. Thus, although arene hydroxylation by a synthetic high-spin Fe IV O core has been reported, 32 intermediate-spin Fe IV O complexes typically do not promote such reactions. Calculations suggest that, similar to HAT reactions, the reason for the low reactivity of triplet oxoiron(IV) is the steric interaction between the incoming aromatic substrate and the equatorial ligands, which blocks access to the key π* (d xz/yz ) acceptor orbitals on the oxoiron(IV) unit. 109−112 Consistent with this explanation, S = 1 oxoiron(IV) mediated arene hydroxylation reaction has only been recently demonstrated by properly orienting the aromatic substrate in the second coordination sphere, which enforces a linear approach of the substrate to the σ* (d z 2 ) orbital, thereby ensuring limited steric interaction between the FeO core and the substrate. 99, 100, 113 The nature of the axial donation also controls the HAT reactivity of the nonheme oxoiron(IV) complexes by controlling the energies of the iron 3d x 2 −y 2 and 3d z 2 orbitals. 97, 98, 114, 115 Increasing axial donation leads to the stabilization of the 3d x 2 −y 2 orbital, which provides more access to the more reactive S = 2 state by lowering the energy gap between the ground S = 1 and excited S = 2 states; this will contribute to increased HAT reactivity. At the same time, the activation barrier for HAT reaction will increase at the S = 2 surface owing to destabilization of the 3d z 2 orbital with increasing axial donation. The role of these two contrasting effects is nicely reflected in the reactivity pattern of a series of different axially substituted oxoiron(IV) complexes based on the TMC ligand. For the [(TMC)Fe
, and RS − ) complexes, the effect of decreasing triplet-quintet energy gap with increasing axial donation compensates for the increase in the classical activation barrier, thereby leading to an antielectrophilic trend of increasing HAT reaction rates with increasing axial donation (Figure 4; right) . 116 In contrast, a trend in the electrophilic reactivity is observed for the [ Figure  4; right) , where the effect of destabilization of the d z 2 orbital with increasing axial donation plays a dominant role in controlling the reactivity. In addition to tune the electrondonation properties of the axial and equatorial ligands, the reactivity of the nonheme oxoiron(IV) complexes can also be controlled by adding redox-innocent Lewis acid metal ions or proton. 92,117−119 Notably, only the highly basic one-electron reduced oxoiron(III) species (and not the electrophilic oxoiron(IV) core) can interact strongly to the added metal ions or proton. This increases the thermodynamic driving force for reduction of the oxoiron(IV) core, resulting in a large positive shift of its one-electron reduction potential (E red ), 92 ,117−119 thereby attributing to the enhancement of both the HAT and OAT reaction rates.
The situation is however different for the nonheme oxomanganese(IV and V) complexes, 120−124 although a TSR concept is also applicable for rationalizing their HAT and OAT reactivities. Notably, known examples of mononuclear nonheme oxomanganese(IV) complexes (Figure 2) 2+ owing to the higher steric demand of BP2 relative to BP1. The higher steric demand of the Mn IV O mediated oxidation reactions is also reflected in the observed contrasting trends in their HAT and OAT reaction rates in the presence of Lewis-or Bronstedacids. 131 For example, the binding of Sc IV/III reduction potential contributes to the increased OAT rates, the HAT reactions are presumably inhibited by sterics due to the binding of the Sc Biomimetic Catalysis. As evident from the above discussion, reactivities of the nonheme enzymatic and synthetic oxoiron(IV) complexes are attributed to the S = 2 state. The prerequisite necessary for achieving biomimetic catalysis is therefore the generation of oxoiron(IV) complexes with readily Mn IV O mediated HAT reactions proceed predominantly along a π-pathway involving a higher activation barrier relative to the Fe IV O mediated HAT reactions. The predominance of the π reactivity also ensures that the HAT reactions mediated by Mn IV O species are controlled predominantly by steric effects. available S = 2 state for the two-electron HAT or OAT reactions. Very recently, Long and co-workers demonstrated the achievement of a good compromise between reactivity and stability by employing metal−organic framework (MOF) to support highly reactive oxoiron moieties for catalytic C−H bond oxidation reactions under mild conditions. 132 They showed that the magnesium-diluted high-spin iron(II) centers within Fe 0.1 Mg 1.9 (dobdc) (dobdc = 2,5-dioxido-1,4-benzenedicarboxylate) can activate N 2 O, most likely forming a transient high-spin oxoiron(IV) intermediate, which can undergo a rapid HAT from ethane, followed by a fast oxygen-rebound to yield ethanol with a low yield of 1% and a turnover of 1.5. DFT calculations have shown that a combination of four carboxylate and one aryloxide groups of the dobdc 4− linker enforces a weak field ligand at the iron center, thereby stabilizing an S = 2 spin state of the transient oxoiron(IV) core. Furthermore, the porosity of the MOF structure provides easy access of the substrate to the oxoiron(IV) unit; a combination of these two factors ensures a rapid HAT reaction with ethane. In addition, the ethyl radical formed after the HAT step undergoes a preferential oxygenrebound, leading to the hydroxylation product with a lower energy barrier relative to the alternative desaturation (via a second HAT step) or radical dissociation (leading to secondary products) steps involving higher energy barriers. However, the DFT calculated higher-energy barrier of the dissociation step relative to hydroxylation is not consistent with the experimentally observed high-yield formation of the one-electron oxidized Fe(III)−OH product which prematurely halts the catalytic cycle, thereby limiting the yield and turnover of ethanol product. 132, 133 Controlled reductive cleavage of O 2 to form highly oxidizing oxoiron(V) species has been proposed to take place in biology. 134 For example, in Rieske dioxygenase, O 2 binding at a ferrous center followed by one-electron reduction from a nearby Rieske Fe 2 S 2 cluster results in the formation of an hydroperoxoiron(III) species, which is the last species detected before substrate oxidation occurs. 135 It has been proposed that the Fe(III)-OOH species isomerizes toward an Fe V (O)(OH) species, which exhibits diverse reactivities, including hydroxylation of aryl C−H bonds, epoxidation, and cis-dihydroxylation of arenes ( Figure 1B) . 2, 134 Direct cycling between the iron(III) and iron(V) states can also be achieved via a shunt mechanism by employing H 2 O 2 as the oxidant; no reductase components are required in this case. 136 This shunt pathway has been successfully used in catalytic C−H bond hydroxylation, epoxidation, and syn-dihydroxylation reactions by employing nonheme iron complexes (Figure 7) . 34,36,137−139 Further, in contrast to biology, where direct evidence of the oxoiron(V) intermediate is lacking, 138 evidence for the involvement of oxoiron(V) species in chemical oxidation reactions has been accumulated recently.
138,140−143 For example, iron(II) complexes with strong field tetradentate Nbased ligands and possessing two cis-labile sites are competent catalysts, which are rapidly oxidized by H 2 O 2 to produce mononuclear ferric species, which in the presence of water or alkane carboxylic acids (RCOOH) can split the O−O bond in a heterolytic manner to produce high-valent electrophilic Fe V (O)(OH) or Fe V (O)(OOCR) oxidants, respectively ( Figure 8) . 34, 36, 142, 144 A few Fe V O species have now been detected under catalytic turnover conditions and characterized by a variety of low-temperature MS, EPR, Mossbauer, and isotopic labeling studies. 138, 145, 146 On the basis of detailed experimental and theoretical studies, these intermediates are shown to be strong oxidants and capable of regenerating the iron(III) resting state, thereby ensuring catalytic turnovers. In reactions with olefins, Fe V (O)(OH) can lead to both stereoselective epoxidation and syn-dihydroxylation reactions, whereas Fe V (O)(OOCR) is capable of performing only stereoselective epoxidation reactions. 142 Furthermore, both the high-valent oxoiron(V) species are oxidants for C−H oxidation reactions, showing good selectivity toward the most electron rich C−H bonds of the substrates ( Figure 7B ; Electronics), as expected for highly electrophilic oxidizing species. 140 The steric bulk of the catalyst also dictates the selectivity when there are no differences in the electronic factors, favoring oxidation at the least sterically encumbered positions ( Figure 7B ; Sterics). Alternatively, directing groups can be employed to override the steric and electronic factors, in order to achieve oxidation at a desired position; for example, selective hydroxylation in the γ-position with eventual formation of γ-lactones by employing carboxylic acid substrates ( Figure 7B ; Directed). 139 Bioinspired manganese complexes bearing nonheme ligands can also act as efficient catalysts in asymmetric epoxidation and hydroxylation reactions by employing H 2 O 2 as an oxidant and carboxylic acids as an essential additive to improve product yields and stereo-, regio-, and enantioselectivities ( Figure  7) . 124,147−152 Similar to the iron complexes, the availability of cis-binding sites is a prerequisite for the "carboxylic-acid Bioinspired iron and manganese complexes bearing nonheme ligands can also act as efficient catalysts in asymmetric epoxidation and hydroxylation reactions by employing H 2 O 2 as an oxidant and carboxylic acids as an essential additive to improve product yields and stereo-, regio-, and enantioselectivities
CONCLUSION
Metalloenzymes activate dioxygen by employing earthabundant metals and exhibit diverse reactivities in oxidation reactions, including epoxidation of olefins, oxidation of alkane C−H bonds, and syn-dihydroxylation of arenes. Such reactions are carried out under ambient conditions with high efficiency and high stereospecificity. Research efforts from the last two decades have led to a detailed understanding of the mechanisms of the biological oxidation reactions. Dioxygen activation occurs predominantly at an iron(II) center, which is then followed by a controlled transfer of electrons (and protons) from a reductase component to generate high-valent metal-oxo species, which are responsible for the substrate oxidation reactions. In many cases, such proton and electron transfer events are precisely controlled by noncovalent interactions between the metal center of the active site and the protein derived secondary coordination sites bearing functional groups. 153, 154 Alternatively, an iron(III) resting state of the enzyme can react with H 2 O 2 to form the metal-oxo species via a shunt pathway without the requirement of any reductase component.
Recently, a number of heme and nonheme iron-and manganese-oxo complexes have been synthesized in biomimetic chemistry, and many of them show intriguing reactivities, which in turn have provided vital insights into the enzymatic reactions. Notably, secondary sphere interactions have been shown to greatly influence the formation and subsequent reactivity of the metal-oxo cores. On one hand, the incorporation of static H-bonds is found to be extremely effective in stabilizing reactive species within transition metal complexes, for example, the reports of the stabilization of the unique oxoiron(III) cores upon dioxygen or N 2 O activation by employing synthetic ligands (H 3 buea 3− and N(afa Cy ) 3 , Figure  9A ) that promote intramolecular H-bonds. 155, 156 Alternatively, the use of a more dynamic secondary sphere by incorporating functional groups that can serve diverse functions such as proton and electron relays can influence the efficiency and product selectivity of the catalytic processes involving metal− oxygen species as reactive intermediates ( Figure 9B ). For example, the Mayer group has presented a dramatic increase in the rate and selectivity of electrocatalytic O 2 reduction to water by Fe tetra-arylporphyrin complexes; the porphyrin ligands (Porp-X 4 ) contain proton delivery functional groups such as carboxylic acids and pyridine to promote reduction of O 2 to water rather than hydrogen peroxide. 157−159 Similarly, the use of a nonheme [H 2 bupa] 2− ligand containing both intramolecular H-bond donating and accepting groups in the form of urea N−H groups and an anionic amidate group proved effective in the transition-metal mediated catalytic reduction of O 2 to water with modest turnover using a sacrificial hydrogenatom source. 160, 161 Further, intramolecular secondary sphere interaction of a redox-inactive Lewis acid like scandium triflate or carboxylic or Bronsted acids with metal−oxygen intermediates also led to the formation of highly electrophilic oxidants capable of catalytic hydroxylation of cyclohexane and benzene and enantioselective epoxidation of olefins. 147,162−164 These studies corroborate the proposed influence of secondary coordination effects on biological catalysis and have also helped in mimicking the oxidative reactivity of the bioenzymes by employing simple iron and manganese coordination complexes, even in the absence of the extended protein substructures surrounding the enzymes' active sites. These have opened up totally new perspectives in organic synthesis. Catalysts capable of conducting C−H and CC oxidation reactions with high product yields and enantioselectivities amenable for high-scale industrial synthesis have been designed. In particular, recent progress in the design of catalysts responsible for enantioselective oxidation of hydrocarbons and syn-dihydroxylation of alkenes is promising and opens up options to replace the industrially used high-valent metal-oxides, like OsO 4 , RuO 4 , or MnO 4 − , which are either very toxic or lead to over oxidation of most substrates. There are, nevertheless, still some gaps in our present understanding of the chemistry of the reductive dioxygen reaction at transition metal centers for substrate oxidation reactions. In particular, the mechanistic scenario leading to a preferential olefin syn-dihydroxylation reaction (over epoxidation reaction) is not well understood. High-spin Fe III − OOH or Fe II −OOH species have been proposed as alternative nucleophilic oxidants that lead to preferential syn-dihydroxylation reactions; however, conclusive evidence is lacking, which makes the mechanism ambiguous. 166 Moreover, although several examples of catalytic dioxygen activation reactions at heme iron and manganese centers are known, most of the catalytic systems involving nonheme metal complexes employ H 2 O 2 as the oxidant. The use of O 2 in catalytic oxidation reactions is difficult owing to the challenges associated with the addition of sacrificial reductants required to couple the 4e − reduction of O 2 with that of the 2e − oxidation of substrates. Although some strategies have been put forward with the aim of developing oxidation methods that employ O 2 as oxidant, 166 the yields of the oxidized products reported in these studies are still too low for practical use. Further, in spite of the predominance of the oxoiron(IV) cores in biology, 1,13,16−19 intermediacy of such cores in catalytic epoxidation and aliphatic C−H functionalization reactions by nonheme iron complexes remains elusive. In addition, although synthetic nonheme iron catalysts for arene-hydroxylation reactions are reported, the nature of the active intermediate(s) has been controversially discussed as both Fe IV O and Fe V O species in the absence of direct spectroscopic evidence. In the context of catalytic C−H bond activation reactions, the reaction is proposed to be initiated by a rate determining H-atom abstraction step by Fe IV O species, followed by an oxygen-rebound between the resulting [Fe III (OH)] and substrate radical species ( Figure  9C ). In this oxygen-rebound mechanism, 71 the formal oxidation state of metal should be reduced by 2e
− to Fe 2+ , and the product formed will then be alcohol. The Fe 2+ product can be reoxidized to Fe IV O in the presence of an oxidant leading to catalytic reactions. However, for nonheme oxoiron-(IV) model complexes, the dissociation of the substrate radical formed via HAT from hydrocarbons is more favored than the oxygen-rebound process, leading to one electron reduced metal complex products resulting in noncatalytic oxidation reactions. 92 One way to deal with this problem will be to enforce Lewis acidic interaction to the Fe IV O cores via modification of the secondary coordination sphere, which will make the iron center electrophilic and will help to speed up the rebound step and ensure a two-electron chemistry, thereby assuring catalysis ( Figure 9C ). Thus, new and innovative synthetic strategies are needed to generate transition metal complexes that can efficiently use O 2 as the terminal oxidant, in order to achieve challenging oxidation of substrates like functionalization of C−H bonds and syn-dihydroxylation of arenes.
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